The kinetic equation used to predict the current being passed in an intercalation electrode depends on the overpotential and the composition of the intercalating species. The overpotential depends on the difference between the potential in the solid phase and in the solution phase, both of which depend on the composition of the intercalation species in the solid and solution phases, respectively. Furthermore, the overpotential depends on the local open circuit potential ͑OCP͒ of the intercalation electrode. Consequently, the kinetic equation and the OCP equation are coupled and must be written accordingly; that is, they must be written in a consistent way. In this work, a new kinetic equation, which is derived along with a thermodynamic ͑OCP͒ equation from the same reaction rate expression, is presented for intercalation electrodes. The thermodynamic equation is used to fit the OCP data of carbon ͑MCMB-2528͒ In secondary lithium-ion cells, lithium cobalt oxide has been widely used as the positive electrode and carbon as the negative electrode. They both have a layered structure where lithium ions can be inserted and removed. Both lithium cobalt oxide and carbon are insertion or intercalation compounds where the electrochemical charge-transfer reactions are coupled with the intercalation of lithium ions from an electrolytic medium into the open structure of the host material. The intercalation and deintercalation reactions of LiCoO 2 and carbon have been extensively studied using X-ray diffraction ͑XRD͒, electrochemical analysis, and other physical measurements.
In secondary lithium-ion cells, lithium cobalt oxide has been widely used as the positive electrode and carbon as the negative electrode. They both have a layered structure where lithium ions can be inserted and removed. Both lithium cobalt oxide and carbon are insertion or intercalation compounds where the electrochemical charge-transfer reactions are coupled with the intercalation of lithium ions from an electrolytic medium into the open structure of the host material. The intercalation and deintercalation reactions of LiCoO 2 and carbon have been extensively studied using X-ray diffraction ͑XRD͒, electrochemical analysis, and other physical measurements. [1] [2] [3] [4] [5] [6] A characteristic feature of the intercalation reactions of LiCoO 2 and carbon is their staging phenomenon. It is agreed that the voltage plateaus on the charge and discharge profiles of the LiCoO 2 and carbon electrodes are caused by the coexistence of two solid phases. 2, [4] [5] [6] For example, the open circuit potential ͑OCP͒ plateau for the carbon electrode ͑e.g., MCMB-2528͒ at around 85 mV is a result of the coexistence of the first-and secondstage phases, 6 and the plateau for the LiCoO 2 electrode at 3.93 V is a result of the coexistence of the first and second hexagonal phases. 2 Because of the staging phenomenon of intercalation electrodes, the voltage plateaus on OCP curves usually exhibit weak dependence on the solid-phase lithium-ion concentration and do not follow the Nernst equation. To fit all the details of the OCP curve of an intercalation electrode accurately, various forms of empirical or semi-empirical equations have been used. [7] [8] [9] [10] [11] [12] While the OCP equations used in the mathematical models in the literature usually vary from one to another, the same Butler-Volmer equation was used in each case to describe the kinetics of the intercalation reaction. From a reaction engineering point of view, 13 the kinetic equation used to predict current density should be consistent with the thermodynamic equation for the reaction; that is, if the Butler-Volmer equation is used to describe the charge-transfer reaction rate of an electrode, the Nernst equation must be used to describe the OCP of the electrode at the same time. Unfortunately, this has not been done in the literature for intercalation electrodes. As is known, the OCP of most intercalation electrodes does not follow the Nernst equation.
7-12 Therefore, using the Butler-Volmer equation to describe the intercalation reaction kinetics is not appropriate. The objective of this work was to develop a new kinetic equation for an intercalation electrode which is consistent with its thermodynamic equation.
Experimental
The experimental OCP data of a cobalt oxide electrode and a carbon electrode ͑MCMB-2528͒ were measured using the Swagelok-type half-cell setup which consists of either a lithium cobalt oxide electrode or a carbon electrode as the working electrode, a separator, and a lithium foil electrode as the counter electrode ͑see Fig. 1͒ . The single-sided lithium cobalt oxide and carbon electrodes used in this work were provided by the Mine Safety Appliances Company ͑Sparks, MD͒. The LiCoO 2 and carbon electrodes used in the half-cell tests were punched to round disks with a diameter of 1.11 cm. A 100-m-thick lithium foil ͑FMC, Charlotte, NC͒ with a purity of 99% was used as the counter electrode. A Celgard-2300 polypropylene membrane ͑Charlotte, NC͒ of a thickness of 25 m was used as the separator. The electrolyte ͑Ferro, Independence, OH͒ used to fill the cells has a LiPF 6 concentration of 1.0 M in a 1:1 v/v ethylene carbonate-dimethyl carbonate ͑EC-DMC͒ solvent mixture. All half-cells were assembled in an argon-filled glove box. After the cells were assembled, they were removed from the glove box and placed inside a Tenney environment chamber with a temperature kept at 15°C. An eight-channel Arbin battery test station was used to cycle the cells and conduct the OCP measurements.
All half-cells were first cycled six times at the C/10 rate ͑C = 0.003 A͒ between the voltage window of 0.01-2.0 V vs Li/Li + for the carbon half-cell and 3.0-4.3 V vs Li/Li + for the LiCoO 2 half-cell to minimize the influence of side reactions and stabilize the charge/ discharge performance. The cells were then cycled two more times at an even lower rate, i.e., C/30͑100 A͒, to check the chargedischarge efficiency within each cycle and the reproducibility of charge or discharge capacities between two cycles. All LiCoO 2 halfcells used in the OCP measurements had a charge-discharge efficiency of over 99.5%, and all carbon half-cells had a chargedischarge efficiency of over 99%. The OCP data of each half-cell were collected in both lithiation and delithiation directions. Before the OCP measurements, a half-cell was first brought to either the upper or lower limit of its voltage window at the C/30 rate. To measure the OCP data, the cells were charged or discharged at C/30 rate for 30 min. Then the current was interrupted and cells were rested for 6 h to eliminate concentration polarization. At the end of the 6-h rest, the OCP data were recorded by an Arbin test station. The procedure was repeated until the other voltage limit was reached. After completing the OCP measurements in one direction, a similar procedure was used to collect the OCP data in the reverse direction. In both directions, the cell potential was recorded at the end of the relaxation period. The true OCP of an intercalation electrode at any state of charge was obtained by interpolating the relaxation potentials recorded in both directions ͑see Fig. 2 and 3͒ . The method used in our experiments to measure the OCP data is expected to be accurate because the contribution to the measured voltage from time-dependent relaxation processes, e.g., solution and solid phase diffusions, should be completely eliminated after the long rest period ͑6 h͒ of current interruption.
Kinetic Model
The approach used in this work is similar to the one used by Verbrugge and Koch 11 in the development of "a semiempirical thermodynamic model for a carbon electrode." However, they did not provide a consistent kinetic equation in their work. It is assumed an intercalation compound with staging phenomena, e.g., LiCoO 2 or carbon, always consists of a number of n individual solid phases or quasi solid phases during lithium-ion intercalation and deintercalation, and these phases are uniformly distributed in the compound. A quasi-solid phase refers here to a mixture of two individual solid phases which are both involved in the same electrochemical reaction and are treated, for convenience, as a single solid phase. Unless indicated otherwise, the solid phase mentioned below is either the individual solid phase or the quasi solid phase. It is also assumed that each solid phase is involved in a charge-transfer reaction, but no solid phase is involved in more than one reaction. Therefore, the number of reactions occurring on the surface of the intercalation compound is equal to the total number of solid phases. Four concentration terms are used in this work: the concentration of all the lithium-ion occupied sites in the intercalation compound,c Li−⍜ , the maximum concentration of all the sites in the intercalation compound available for lithium-ion intercalation, c max,Li−⍜ , the contribution to c Li−⍜ from solid phase i,c Li−⍜,i , and the contribution to c max,Li−⍜ from solid phase i,c max,Li−⍜,i . These terms are related to each other as follows
At the interface of the electrolyte and solid phase i ͑i = 1, n͒, the following reaction is assumed to take place
where Li + represents a lithium ion in the electrolyte, ⍜ i represents a vacant site in solid phase i, and Li−⍜ i represents a lithium-ion occupied site in solid phase i. If the forward ͑oxidation direction͒ rate of Eq. 2 is i −th order with respect to the c Li−⍜,i and the backward ͑reduction direction͒ rate is also i −th order with respect to the concentration of vacant sites in solid phase i, ͑c max,Li−⍜,i −c Li−⍜,i ͒ but first order with respect to the concentration of Li + in the electrolyte, c Li +, the net reaction rate of Eq. 2, j n,i , is
where k i,1 and k i,−1 are the rate constants for the anodic and cathodic directions, respectively, ␣ a and ␣ c are the anodic and cathodic transfer coefficients, respectively, which are assumed not to vary from one reaction to another, ⌽ 1 and ⌽ 2 are the solid and electrolyte phase potentials, respectively, measured relative to a lithium metal reference electrode placed in the bulk electrolyte with a concentration of c b , F is Faraday's constant, R is the universal gas constant, and T is the absolute temperature. At equilibrium or open circuit, e.g., j n,i = 0, the difference between ⌽ 1 and ⌽ 2 , which is the OCP, U eq , can be obtained from Eq. 3 
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It is important to note that Eq. 4 agrees with the Nernst equation ͑note that both k i,1 and k i,−1 are independent of c Li−⍜,i and c Li +, and the first term on the right side of Eq. 4 can be interpreted as the standard potential of the intercalation electrode from the kinetic point of view͒. In Eq. 3 and 4 the value for i is allowed to be smaller than unity, which is necessary to predict a voltage plateau on the OCP curve of the intercalation electrode. Equation 4 can be used to convert Eq. 3 to the following form
and U eq are all measured relative to a lithium metal reference electrode placed adjacent to the intercalation compound surface rather than placed in the bulk electrolyte, Eq. 5 is still valid, but the equation for U eq , which no longer reflects the variation of c Li +, takes the form
where U eq,i 0 is the standard potential
As seen from Eq. 5 and 6, if the traditional Butler-Volmer equation can be used to describe the kinetics of the intercalation electrode, e.g., i = 1 in Eq. 5, the Nernst equation must also be used to describe the electrode thermodynamics, e.g., i = 1 in Eq. 6. The total reaction rate on the intercalation electrode surface, j n , is the sum of all the reaction rate contributions
In Eq. 6 and 8, c Li−⍜,i cannot be directly related to a measurable quantity, e.g., the charge or discharge capacity. To eliminatec Li−⍜,i from these equations, Eq. 6 is first solved to obtain
Substituting Eq. 9 into Eq. 1 then yields
and substituting Eq. 9 in Eq. 8 yields
If the state of charge of an intercalation electrode, , is defined to be the ratio of c Li−⍜ to c max,Li−⍜ and the maximum state of charge of solid phase i, max,Li−⍜,i , is defined to be the ratio of c max,Li−⍜,i to c max,Li−⍜ , Eq. 10 can be converted to
and Eq. 11 can be converted to
where i 0 is the exchange current density for the overall reaction and takes the form
As seen from Eq. 12-14, max,Li−⍜,i , i , and U eq,i 0 are three parameters for each phase i common to both the thermodynamic and kinetic equation ͑Eq. 13͒. The values of these parameters can be determined by using Eq. 12 to fit the OCP data of the intercalation electrode.
An important feature of this work is the consistency of the kinetic equation ͑Eq. 13͒ with the thermodynamic equation ͑Eq. 12͒ for intercalation electrodes, which was achieved by treating the staging phenomenon as the coexistence of individual phases. The kinetic and thermodynamic equations were derived from the same rate expression for an individual phase ͑Eq. 3͒. This is in contrast to the inconsistency existing in the literature between the traditional Butler-Volmer equation and an empirical OCP equation used for an intercalation electrode, because using the traditional Butler-Volmer equation to describe the electrode kinetics requires using the Nernst equation to describe the electrode OCP at the same time.
Results and Discussion
The experimental OCP data obtained in both lithiation and delithiation directions for the carbon and the LiCoO 2 electrodes are presented in Fig. 4 and 5, respectively, along with the interpolated OCP data. In Fig. 4 , the value ͑represented by x in Li x C 6 ͒ for the carbon electrode was obtained through normalizing the accumulative intercalation capacity starting from a structure of C 6 ͑assumed to be true when a voltage limit of 2.0 V is reached at the C/30 rate of deintercalation͒, Q inter , by the total intercalation capacity starting from a structure of C 6 , Q max,inter , measured using the C/30 rate = Q inter /Q max,inter ͓15͔
In Fig. 5 , the value ͑represented by x in Li x CoO 2 ͒ for the LiCoO 2 electrode was obtained using
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where Q deinter is the accumulative deintercalation capacity starting from a structure of LiCoO 2 ͑assumed to be true when a voltage limit of 3.0 V is reached at the C/30 rate intercalation͒ and Q theo,deinter is the theoretical deintercalation capacity required to convert a structure of LiCoO 2 to a structure of Li 0.5 CoO 2 .
For the carbon electrode, the dependence of U eq on was obtained on the entire range of by fitting the interpolated OCP data using Eq. 12. However, this cannot be done for the LiCoO 2 electrode because the upper operating voltage of the electrode is limited to 4.3 V in our experiment, which corresponds to Ϸ 0.4 for the LiCoO 2 electrode. Due to the lack of experimental data in the range of 0 Ͻ Ͻ 0.4, it was impossible for us to obtain the three characteristic parameters ͑ max,Li-⍜,i , i , and U eq,i 0 ͒ in this range. Therefore, the interpolated OCP data of the LiCoO 2 electrode were fitted by using
where max,Li-⍜,i is used as a characteristic parameter while the other two parameters ͑ i and U eq,i 0 ͒are neglected in the region 0 Ͻ Ͻ 0.4 for the LiCoO 2 electrode. It is important to point out that in order to complete our understanding of the thermodynamics of LiCoO 2 electrode, experiments need to be conducted to obtain the dependence of the OCP ͑above 4.3 V͒ on in the range of 0 Ͻ Ͻ 0.4 for the LiCoO 2 electrode.
In this work, a nonlinear least-squares regression method 10, 14 was applied to obtain parameter estimates for the carbon and LiCoO 2 electrodes. It was found that a minimum of five phases ͑n = 5͒ was needed to fit the OCP data of the carbon electrode, and a minimum of six phases ͑n = 6͒ was needed to fit the OCP data of the LiCoO 2 electrode. The 95% confidence intervals for max,Li-⍜,i , i , and U eq,i 0 are presented in Tables I and II for the carbon and LiCoO 2 electrodes, respectively. The equation used to calculate the 95% confidence intervals for parameters can be found elsewhere. 10, 14 The goodness of fit in using Eq. 12 and 17 to fit the OCP data of the carbon and LiCoO 2 electrodes, respectively, is demonstrated in Fig. 6 and 7 .
When an intercalation electrode is charged or discharged at a very low rate, e.g., C/30 rate, it is reasonable to assume that the solid phase diffusion resistance is negligible and only the kinetic equation is needed to calculate the electrode voltage profiles without sacrificing accuracy in the electrode voltage prediction. The experimental C/30 rate charge and discharge voltage profiles of the halfcells measured prior to the OCP measurements at 15°C were fitted using Eq. 13 with Eq. 14. The predicted voltage profiles are compared with the experimental ones in Fig. 8 and 9 for the carbon and LiCoO 2 electrodes, respectively. The k i values used in the simulations are presented in Table III . While in this calculation the voltage drop across the separator and the polarization overpotential at the lithium foil electrode were ignored, the trend in the predicted voltage profiles of a half-cell compared with the OCP profile can be used to help us evaluate how i 0 depends on . As observed in Fig. 8  and 9 , the voltage profiles predicted by the new kinetic equation ͑i.e., Eq. 13͒ agree fairly well with the experimental ones except when x Ͼ 0.9 in the discharge process for LiCoO 2 electrode ͑see Fig. 9͒ . The fit could be improved by increasing the phase number to seven ͑n = 7͒ only in the discharge process for the LiCoO 2 electrode ͑see Fig. 10͒ . The parameters used to obtain Fig. 10 are listed in Table IV . However, the lack of fit when x Ͼ 0.9 in the discharge process for LiCoO 2 electrode in Fig. 9 might arise from factors not related to intercalation kinetics, which will be further investigated in our future work.
As seen in Eq. 12 and 14, both equations include several terms associated with different solid phases simultaneously involved in the overall charge-transfer reaction. The contributions to U eq from the reactions of all individual solid phases are compared in Fig. 11 and The values for j n were calculated based on using the C/30 rate ͑the applied current, I, was 100 A͒ in the half-cell experiments and the estimated total surface area, S, according to j n = I/͑FS͒ and S = 3 ϫ 0.97w/͑r͒, where w is the target loading of the intercalation material ͑e.g., 20.1 ϫ 10 −3 g/cm 2 for the LiCoO 2 electrode and 9.3 ϫ 10 −3 g/cm 2 for the carbon electrode͒, r is the radius of the intercalation particle ͑assumed to be 12.5 ϫ 10 −4 cm for carbon and 11.0 ϫ 10 −4 cm for LiCoO 2 ͒, and is the density of the intercalation material ͑assumed to be 5.01 g/cm 3 for LiCoO 2 and 2.26 g/cm 3 for MCMB-2525 carbon͒. 
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Journal of The Electrochemical Society, 153 ͑2͒ A301-A309 ͑2006͒ A306 contributions to j n from all solid phases are compared in Fig. 13 and 14 for the carbon and LiCoO 2 electrodes, respectively. It can be seen from Fig. 13 and 14 that all solid-phase reactions are simultaneously important over almost the entire range.
As stated earlier, there exists an inconsistency between the traditional Butler-Volmer equation and empirical or semiempirical OCP equations in the literature. The traditional Butler-Volmer equations used in the literature 11, [15] [16] [17] take the form
where i 0 is a function of lithium-ion concentrations in both the electrolyte and solid phases 
͓20͔
where k is the rate constant for the intercalation electrode. To compare the relative accuracy between the traditional Butler-Volmer equation ͑i.e., Eq. 19͒ and the new kinetic equation ͑i.e., Eq. 13͒, these equations were solved along with Eq. 12 and 17 to predict the very low rate charge and discharge voltage profiles of the intercalation electrode, and the results are presented in Fig. 15 and 16 for the carbon and LiCoO 2 electrodes, respectively. The parameter values used in the simulation can be found in Table III 
Conclusion
In this work, new kinetic and thermodynamic ͑OCP͒ equations which are closely related to and consistent with each other are developed for intercalation electrodes with the assumptions that multiple solid phases coexist with multiple reactions occurring simultaneously on the surface of intercalation electrodes. A thermodynamic equation is used to fit the OCP data of the carbon ͑MCMB-2528͒ and LiCoO 2 electrodes. The new kinetic prediction is compared to those from the traditional Butler-Volmer equation, and the results indicate that the new kinetic equation better describes the chargetransfer process at the surface of the intercalation electrode. 
